To allow for a more accurate description of crowd-induced loading, the present study aims to provide the necessary insights into vertical human-structure interaction (HSI) phenomena, to date ignored in current load models. A parametric study is performed to investigate the effects of the mechanical interaction between pedestrians, represented by simple lumped parameter models, and the supporting footbridge. The most significant HSI-effect for the lowfrequency modes of a footbridge, is in the effective damping ratio of the coupled system which is much higher than the inherent structural damping. The effective damping ratio increases monotonically with the pedestrian density but is highly dependent on the natural frequency of the footbridge. In order to verify the findings, a comprehensive full-scale experimental study is performed on two footbridges. It is shown that the crowd-structure model is able to reproduce the experimentally identified dynamic characteristics of the coupled system.
INTRODUCTION
The relatively small service loads allows for very slender and lightweight footbridge designs. Characterised by a low stiffness to mass ratio, footbridges often have one or more natural frequencies below 6 Hz. Given the force spectrum of pedestrian excitation which is dominated by contributions around the fundamental (1.25 − 2.50 Hz) and the second (2.50 − 5.00 Hz) harmonic of the walking load, the vibration serviceability of footbridges is mostly governed by (near-)resonant loading [1, 2] .
In the prediction of crowd-induced vibrations, persons crossing a footbridge are often simplified to (moving) forces [3] . However, this approach does not consider that people are mechanical systems which interact with the structure that is supporting them [4] . In some cases, the modal characteristics of the coupled crowd-structure system significantly differ from those of the empty footbridge [5, 6, 7] . The degree to which the dynamic behaviour is modified is expected to increase with an increasing crowd to structural mass ratio. Hence, these effects are expected to be non-negligible for lightweight footbridges [8, 9] .
To characterise HSI-effects for slender footbridges, the low-frequency behaviour of the human body (< 10 Hz) is of interest in this paper. As the human dynamics in the vertical direction largely depends on the body posture [10] , a distinction is made between active and passive postures as assumed by active (e.g. walking, jogging, ...) and passive (e.g. standing still) persons, respectively. Passive persons are most likely to assume a standing posture characterised by legs being straight. On the other hand, the posture of an active individual is changing continuously during the gait cycle and it involves either one or two legs slightly bent.
In the present work, the effects of the mechanical interaction between pedestrians and the supporting footbridge are investigated by means of a parametric study. The latter considers a realistic crowd model, composed of active and passive individuals and subject to inter-person variability.
The outline of this paper is as follows. First, the low-frequency dynamic properties of the footbridge and the human body are discussed and the coupled human-structure model is presented. Second, the implications for the practical design of footbridges are evaluated based on a realistic crowd model representative of the inter-person variability. Finally, the predicted dynamic behaviour of the coupled human-structure system is verified by means of field-tests on two footbridges.
FRAMEWORK
This section aims at providing a concise and structured overview of the relevant dynamic properties of footbridges and the human body with the prime purpose to determine realistic parameter ranges for the parametric study.
Dynamic behaviour of footbridges
The low-frequency dynamic behaviour of footbridges is characterised by the modal properties [1] , i.e. the natural frequencies f Bj , modal damping ratios ξ Bj and modal masses m Bj , of the low-frequency vibration modes. During the last decade, numerous experimental studies of the dynamic behaviour of footbridges have been performed. The following paragraphs present a synopsis of the relevant modal properties reported in literature. The collected footbridge data are composed of 11 structures investigated by the authors and over 100 footbridges discussed in other reports and publications. The main sources of information used are the SYNPEX report [2] , the French Sétra guideline [11] , the JRC document for the design of lightweight footbridges (a) (b) Figure 1 : (a) Natural frequencies (f B1 ) for the fundamental vertical (×), lateral (•) and torsional (⋄) modes in terms of the maximum span length of the footbridge, (b) modal mass (m B ) in terms of the total bridge deck surface: as reported in literature (grey), for the 11 cases investigated by the authors (black) and the relationship defined in [15] (line).
[12] and the reference lists of GERB [13] and MAURER-SÖHNE [14] . Figure 1 -a presents the identified natural frequencies in relation to the maximum span length, including only the first (fundamental) lateral, vertical and/or torsional mode. As expected, the natural frequencies tend to decrease with increasing span length. However, even bridges with short spans can exhibit low natural frequencies (< 6 Hz) which is due to the distinct slender designs. The collected data qualitatively agree with the natural frequency to span relationship as proposed by Bachmann et al. [15] based on data for 67 footbridges with spans between 15 and 50 metres:
where f B1 [Hz] denotes the fundamental natural frequency and l [m] the span of the footbridge (figure 1). The second modal property of interest is the modal mass. When obtained via the unity-scaled mode shapes, the modal mass is a measure of the physical mass of the system that is engaged in a particular mode [16] . The modal masses reported in literature include both experimentally identified and numerically calculated values. Figure 1 -b presents the reported modal masses in relation to the total bridge deck surface. As expected, the modal masses increase with increasing functional area.
The third relevant modal property is the modal damping ratio. Design guides for the vibration serviceability assessment of footbridges propose numerical values for the modal damping ratios based on experience obtained from similar construction types (table 1) . Figure 2 presents the identified modal damping ratios for different construction types in relation to the corresponding natural frequency. This figure illustrates that the lowest modal damping ratios are retrieved for steel and composite bridges with minimum and mean values that agree with the provisional values reported by the guidelines (see table 1).
Dynamic behaviour of the human body
The low-frequency (0-10 Hz) dynamic behaviour of the human body in the vertical direction can be represented by a highly damped single degree of freedom (SDOF) system [21, 22, 23] . The mass m H,k , being equal the total mass of the corresponding individual k, is divided into two lumped masses, i.e. a sprung mass m H1,k [21, 22, 24] and a rigid mass m H0,k at the support (m H,k = m H0,k + m H1,k ). The corresponding mechanical properties (f H1,k and ξ H1,k ) largely depend on the body posture [10] . On a footbridge, usually both active and passive persons are present. Passive individuals most often assume a standing posture whereas the posture of active individuals is changing continuously during the walking cycle. In the following, active persons are represented by (stationary) human body models representative of a body posture with one or two legs, i.e. considered in this paper as an approximation of the postures assumed during the walking cycle.
The fundamental natural frequency of an active person is situated between 2.5 Hz and 4 Hz with a corresponding modal damping ratio between 20% and 40% [22, 25] . For passive persons, the natural frequency and damping ratio are generally situated between 5.0-6.5 Hz and 35%-50%, respectively [22, 26] . In both cases, the mass m H1,k is found between 85% and 99% of the total mass m H,k with the remaining mass m H0,k lumped at the support.
In the following, inter-subject variability is accounted for by assuming a Gaussian distribution of the natural frequency and modal damping ratio of the human body model. The mean values and coefficient of variation are based on the results reported by Matsumoto and Griffin
The coupled system composed of n H persons and the supporting footbridge.
[22] and the results from an experimental study performed by the authors [25] (see figure 3 ):
Passive persons:
Active persons:
Coupled human-structure model
When a person is present on a footbridge, interaction occurs between his body and the structure. The two subsystems interact with each other through contact forces induced at the contact points between the person and the bridge deck, i.e. at the feet-bridge deck interface. In the following, both active and passive persons are modelled as stationary. The governing equations of motion can be written for two linear dynamic subsystems separately. In order to ensure coupling, compatibility and equilibrium conditions at the contact points need to be satisfied (analogous to the problem of vehicle-bridge interaction [27] ). As the persons are assumed to be stationary, the coupled system is time-invariant. The reader is referred to [25] for a detailed description of the coupled system and corresponding system matrices.
PARAMETRIC STUDY
The HSI-effects are investigated for a realistic crowd model consisting of n H individuals (n H human body models), with a distribution of human body model parameters representative of inter-subject variability (see section 2.2). The observed quantities are evaluated using Monte Carlo simulations. Since the dynamic characteristics of the human body are quite different for active and passive body postures, the activity ratio is considered as an additional parameter here. A unit value of the activity ratio corresponds to the case where all the persons on the bridge are active. As it is expected that most people present on a footbridge are active, an activity ratio of 0.5 up to 1.0 is considered.
Natural frequencies between 0.5 Hz and 6.0 Hz are considered for the empty footbridge. In addition, the implications of HSI for practical design of footbridges are investigated assuming a range of: (i) the mass ratio (0.02 ≤ µ HB ≤ 0.50 [-] ) and (ii) the structural modal damping ratio (ξ B = {0.2, 0.5, 2.0} [%]). To facilitate the practical interpretation, the results are expressed in terms of the natural frequency of the footbridge f B [Hz] .
First, the output quantities of interest are selected. Second, the Monte Carlo simulation of the crowd composition is discussed. Subsequently, the influence of the activity ratio and the structural modal damping ratio are investigated.
Output quantities of interest
The parametric study aims to determine when the interaction effects with the crowd are significant and whether or not they are beneficial. An interaction effect is here understood as beneficial if it reduces the maximum acceleration response of the footbridge. The vibration serviceability of footbridges is mostly governed by (near-)resonant loading [1] . For the empty footbridge, the maximum steady-state amplitudeü B,max to harmonic excitation is found as:
with H B (ω) the frequency response function (FRF) of the footbridge and ω B the natural frequency of the footbridge in rad/s. In this case, the natural frequency f B , modal damping ratio ξ B and modal mass m B are the key parameters that determine the structural dynamic response. Similarly, the FRF of the coupled system relating the harmonic input excitation to the acceleration response (in the following referred to as H HB (ω)), both taken at the footbridge DOF, is examined and its key parameters are identified. First, a reference case is defined for the coupled crowd-structure system. For this reference case, the HSI-effects are evaluated for a selection of frequency (f H1 /f B ) and mass (µ HB ) ratios. The selected case corresponds to a footbridge with a modal damping ratio of ξ B = 0.5%, occupied by a crowd that is represented by the human body model with modal damping ratio ξ H1 = 40% and mass ratio µ H1 = 0.95. Figure 5 -a presents the FRF of the coupled system H HB (ω) for a fixed mass ratio (µ HB = 0.3) and for ten different frequency ratios f H1 /f B , uniformly spaced between 0.2 and 2. This figure illustrates that the FRF H HB (ω), relating the harmonic input excitation to the acceleration response of the footbridge, is characterised by a single peak. Furthermore, figure 5-a shows that the peak value of H HB (ω) highly depends on the frequency ratio f H1 /f B , and, is at its lowest for frequency ratios f H1 /f B slightly lower than unity.
Figures 5-b and 5-c compare the FRF of the empty footbridge with the FRF of the coupled system for a mass ratio µ HB of 0.1 and 0.4, respectively. Both figures present the FRF H HB (ω) for five different frequency ratios f H1 /f B = {0.4, 0.6, 0.8, 1.0, 1.2}. The peak value of the FRF of the coupled system is in all cases lower than the one of the empty footbridge. Comparing figure 5-b with figure 5-c shows that the interaction effects, i.e. the change of the peak value and corresponding frequency (abscissa), increase with the mass ratio, as expected. Furthermore, the frequency at which the corresponding peak value of H HB (ω) is reached, also depends on the frequency ratio f H1 /f B . For frequency ratios lower and higher than unity, this frequency is found above and below the natural frequency of the empty footbridge, respectively.
The peak value of the FRF H HB (ω) determines the maximum amplitude of the steady-state acceleration response of the footbridgeü HB,max when subjected to harmonic excitation:
The effective natural frequency of the coupled system f eff [Hz] is now defined as:
Accordingly, the effective damping ratio ξ eff [-] is defined as a measure for the change in maxi- mum steady-state acceleration response in relation to that of the empty footbridge:
Finally, the reduction of the bridge acceleration due to human-structure interaction is described by the factor R HB [-] :
The interaction effect is beneficial when the reduction factor is larger than unity (R HB > 1) whereas it is disadvantageous when lower than unity (R HB < 1).
Monte Carlo Simulation of the crowd configuration
The crowd consists of an integer number of persons n H (see figure 4 and section 2.3). Each individual is represented by a human body model with a mass m H = 70 kg. The number of persons n H corresponding to a mass ratio µ HB is calculated by assuming the previously introduced simply supported reference structure, with a total mass of 50 ×10 3 kg (see section 3). This results in a number of 15 and 360 persons for the lower (0.02) and upper (0.50) limit of the considered mass ratios, respectively. The human body model parameters (f H1 and ξ H1 ) are sampled from the truncated distributions suggested in section 2.2. Since the influence of the mass ratio (µ H1 ) was found to be insignificant, the corresponding parameter value is fixed at 0.95 [-] . The selected activity ratio defines the number of active and passive persons. The location of each individual is chosen randomly along the bridge deck assuming a uniform distribution (see figure 4) .
For each crowd configuration, the normalised effective natural frequency f eff /f B and effective damping ratio ξ eff are calculated. In order to obtain a conservative (or lower bound) estimate of the interaction benefit, the 95%-percentile of the minimum effective damping ratio is evaluated [28] . For the normalised effective natural frequency, both the 5%-percentile and 95%-percentile value are equally relevant. For reasons of conciseness, only the percentile value corresponding to the largest modification in comparison to f B is presented. Figure 6 : For the coupled crowd-structure system characterised by an activity ratio of 0.95: (a) the normalised effective natural frequency f eff /f B and (b) effective damping ratio ξ eff in terms of the natural frequency of the footbridge (f B ) and the considered mass ratios (µ HB ), for a footbridge with a modal damping ratio ξ B of 0.5%.
HSI-effects for a reference case
As a starting point, the influence of HSI is discussed for a reference case. In this reference case, a structural modal damping ratio of ξ B = 0.5% is considered and the activity ratio of the crowd is set to 0.95. The HSI-effects are analysed for a natural frequency of the footbridge f B between 0.5 Hz and 6.0 Hz and mass ratios µ HB up to 0.5. Figure 6 presents the normalised effective natural frequency f eff /f B and effective damping ratio ξ eff in terms of the mass ratio and the natural frequency of the empty footbridge.
For low natural frequencies of the empty footbridge (f B < 2.5 Hz), the human body models are stiffer than the supporting structure and the HSI-effect is limited to that of an equivalent added mass: the natural frequencies reduce in relation to the considered mass ratio and the effective damping ratio approximately equals the modal damping ratio of the empty footbridge (ξ eff ≈ ξ B ).
For intermediate natural frequencies of the empty footbridge (2.5 < f B < 4.5 Hz), the effective natural frequency of the coupled system is slightly lower (for f B < 3.25 Hz) or higher (for f B > 3.25 Hz) than the natural frequency of the empty footbridge. More striking is the significant increase in the effective damping ratio. For low mass ratios, the effective damping ratio increases up to 1%-2% while for high mass ratios, the effective damping ratio easily exceeds 8%. This is due to the fact that the crowd is mainly composed of pedestrians with natural frequencies around 3.25 Hz for the considered high activity ratio. As a result, the frequency ratios are close to unity (f H1 /f B ≈ 1) and the corresponding HSI-effects are significant. In this case, the crowd behaves in a similar way as a tuned mass damper (TMD).
For high natural frequencies of the empty footbridge (4.5 < f B < 6 Hz), the effective damping ratio again increases with the mass ratio, but less strongly than for intermediate natural frequencies. For these frequency ratios, the crowd is more flexible than the footbridge and the two subsystems remain largely decoupled. For high mass ratios, the effective natural frequency is also slightly higher than the natural frequency of the empty footbridge while for low mass ratios, the HSI-effects are insignificant. Figure 7 presents the normalised effective natural frequency (f eff /f B ) and effective damping ratio (ξ eff ) in terms of the activity ratio and the natural frequency of the empty footbridge. The influence of the activity ratio on the HSI-effects is evaluated for four mass ratios µ HB : 0.05, 0.10, 0.20 and 0.5. For the reference case, these mass ratios roughly correspond to pedestrian densities of 0.25, 0.5, 1.0 and 2.5 persons/m 2 , respectively. A fixed value is assumed for the modal damping ratio of the footbridge (ξ B = 0.5%). Figure 7 : For the coupled crowd-structure system consisting of a footbridge with modal damping ratio ξ B = 0.5%: (a) the normalised effective natural frequency f eff /f B and (b) effective damping ratio ξ eff for a mass ratio µ HB of 0.05, 0.1, 0.2 and 0.5 in terms of the activity ratio and the natural frequency of the footbridge (f B ).
Influence of activity ratio
For low natural frequencies of the empty footbridge (f B < 2.5 Hz), the HSI-effects are independent of the activity ratio. As the crowd is composed of pedestrians with a natural frequency around 5.70 Hz or 3.25 Hz, the frequency ratios are, in both cases, relatively high (f H1 /f B > 1.5). Hence, the pedestrians act as an equivalent added mass, regardless of their activity.
For intermediate natural frequencies of the empty footbridge (2.5 < f B < 4.5 Hz), the HSIeffects slightly decrease with a reducing activity ratio. A reduction of the activity ratio leads to a higher number of passive persons with corresponding frequency ratios (f H1 /f B ) that increase from approximately unity up to 1.75 and, therefore, leads to smaller HSI-effects.
Accordingly, for high natural frequencies of the empty footbridge (f B > 4.5 Hz), the HSIeffects are higher for lower activity ratios as this increases the number of individuals with a frequency ratio (f H1 /f B ) close to unity. Figure 7 presents the normalised effective natural frequency (f eff /f B ) and effective damping ratio (ξ eff ) in terms of the mass ratio (µ HB ) and the natural frequency of the empty footbridge, for a fixed activity ratio of 0.95. The influence of the structural damping on the HSI-effects is investigated by considering three different modal damping ratios of the empty footbridge: ξ B = {0.2, 0.5, 2.0} %. Figure 7 shows that the effect of the structural damping ratio on the effective natural frequency of the coupled system, is insignificant.
Influence of structural damping
For low natural frequencies of the empty footbridge (f B < 2.5 Hz), the effective damping ratio increases with the mass ratio and the natural frequency of the empty footbridge. For natural frequencies below 1.5 Hz, the effective damping ratio is close to the inherent structural damping. As the natural frequencies increase towards 2.5 Hz, the increase in effective damping ratio becomes significant. The lower the inherent structural damping, the stronger the increase in the effective damping ratio.
For intermediate natural frequencies of the empty footbridge (2.5 < f B < 4.5 Hz), the effec- tive damping ratio increases significantly with the mass ratio as the frequency ratios (f H1 /f B ) are close to unity. For low mass ratios, this HSI-effect is insignificant for structures with a relatively high inherent damping (ξ B ≥ 2%). For very lowly-damped structures (ξ B ≤ 0.5%) on the other hand, the increase in effective damping ratio is considerable, even for very low mass ratios. Note that for high mass ratios (µ HB > 0.25), the effective damping ratio reaches extremely high values (ξ eff > 8%), independently of the inherent structural damping.
For high natural frequencies of the empty footbridge (4.5 < f B < 6.0 Hz), the effective damping ratio again increases significantly with the mass ratio, but less strong than for intermediate natural frequencies.
FULL-SCALE EXPERIMENTAL VERIFICATION
This section examines the effect of HSI based on in situ tests on two lightweight steel footbridges. By comparing the measured and predicted effective natural frequencies and modal damping ratios, it is verified if the coupled human-structure model allows reproducing the experimentally identified dynamic behaviour of the coupled system.
On the Eeklo footbridge, tests with both passive and active persons are performed. In addition, small-scale tests are performed on the Charleroi footbridge involving a limited number of pedestrians.
Eeklo footbridge
The experimental identification of the modal characteristics and the calibration of the numerical model of the Eeklo footbridge, was previously discussed in [29] . The two modes of interest in the present analysis are the fundamental lateral-torsional mode (f 1 = 1.71 Hz, ξ 1 = 2.3%, m 1 = 34 × 10 3 kg) and the first vertical bending mode (f 2 = 2.99 Hz, ξ 2 = 0.2%, m 2 = 22 × 10 3 kg). From the previous analyses, it is expected that the second mode will be strongly affected by the presence of persons on the bridge deck.
The structural response is registered during free vibration tests as well as trials involving ambient and random walking excitation. In order to obtain a free vibration dominated by the contribution of a single mode, the bridge is first brought into motion by rhythmical human activities (bobbing) tuned at the selected natural frequency using a metronome. Once the desired level of vibration is reached, the persons cease bobbing and get into the selected body posture, thereby initiating the free vibration phase. The natural frequency and damping ratio of the considered mode of the coupled system are subsequently identified from a free decay analysis. For the trials involving ambient and random walking excitation, the natural frequency and modal damping ratio of the first and the second mode of the coupled system are identified from an operational modal analysis.
Free decay analysis
The experiments include trials with a different number of persons on the bridge deck. Every individual is positioned at a point where a stringer crosses a cross girder. In the first setup, only three persons are positioned at midspan (figure 9). For each of the following setups, the number of persons is increased by six, three on the left and three on the right adjacent cross girder, respectively. For the setups involving the free vibration of the fundamental torsional mode, the persons on the central stringer are not included. In addition, the influence of the body posture on the dynamic behaviour of the coupled system is examined. The experiments therefore consider the human body in the normal standing posture with (1) straight legs and (2) slightly bent legs.
In order to estimate the effective damping ratio, an exponential function is fitted to the peak values of the recorded decay with amplitudes between 90% and 20% of the maximum peak value of the acceleration levels [30] . Figures 10-c and 10-d confirm that the applied excita-tion indeed leads to free vibration dominated by a single mode as assumed for the derivation of the effective damping ratio and natural frequency. Figures 10-e and 10 -f present the natural logarithm and the least-squares approximation of peak amplitudes (y i ) with abscissa (x i ). The excellent fit that is obtained by the linear function with slope −δ (where δ represents the logarithmic decrement [31] ), illustrates that the damping characteristics hardly depend on the vibration amplitudes.
Operational modal analysis
For the setups with ambient excitation, 9 or 21 persons were requested to stand still during 3 minutes, all adopting either an active or a passive posture. In addition, the persons were asked to walk at a slow, normal (self-selected) or fast speed along the main span of the bridge during 3 minutes ( figure 9 ). The output-only data have been processed using the reference-based datadriven stochastic subspace identification (SSI-data/ref) algorithm [32, 33] .
Characteristics of the coupled human-structure model
The dynamic behaviour of the footbridge is simulated with the experimentally identified natural frequencies and modal damping ratios and the mode shapes of the calibrated FE model of the empty structure. All individuals involved were weighted in the laboratory to determine their nominal mass. For each trial involving stationary persons, the location of every individual was determined. To account for inter-subject variability, the natural frequency f H1 and damping ratio ξ H1 of the human body models are sampled from the truncated Gaussian distributions defined for passive and active postures (in Eq. (7)). The mass ratios of the human body models are fixed to values of µ H1 = 0.95 [-] and µ H0 = 0.05 [-] for both postures. From the Monte Carlo simulations, the 5% and 95% percentile value of the effective natural frequency and damping ratio of the coupled crowd-structure model are retained. Figure 11 shows the effective natural frequency and modal damping ratio of the vertical bending mode for individuals in the passive posture, an active posture and walking at midspan.
Results
For the passive posture (figures 11-a and 11-b), the frequency ratio is relatively high (f H1 /f B ≈ [1.5, 2]). As a result, the natural frequency of the footbridge decreases with the added (modal) mass. Despite the low mass ratio, the effective damping increases substantially which is owed to the very low inherent damping of the empty structure. Both effects are accurately predicted by the coupled model.
For figures 11-b and 11-e) that involve active postures, the frequency ratio is close to unity. As expected, this results in a small modification of the natural frequency and a very large value of the effective damping ratio, e.g. ξ eff > 3.5% ≫ ξ B = 0.2% when 26 persons are involved. Although small variations of the natural frequencies of the human body models cause a large scatter in the predicted effective damping ratio, the trend is clear and corresponds well with the observations. The attained effective damping ratio is more than five times higher than for the passive posture.
Comparing the results in figures 11-e and 11-f with those in figures 11-c and 11-d, shows that the natural frequency and damping ratio obtained from the OMA involving walking persons, are in good agreement with the predictions which consider human body models with parameters corresponding to the active postures. This confirms that the presence of moving persons affects the dynamic characteristics of the coupled system in a way which appears similar as in the case of stationary persons with two legs bent. The amount of added damping seems to decrease with the walking speed. Figure 12 shows the effective natural frequency and modal damping ratio of the fundamental lateral-torsional mode, involving individuals in the passive posture, an active posture and walking. For both postures, the persons act as an additional mass, resulting in a small reduction in natural frequency. The latter can be explained by the fact that in both cases, the natural frequency of the persons is relatively high compared to the natural frequency of the considered mode (f H1 /f B > 1.5).
However, figures 12-d and 12-e show that experimentally, an increase of the effective damping ratio is identified as well. It is believed that this mode, which is dominated by lateral motion, is also affected by HSI in the lateral direction. In order to verify this conjecture, the coupled model considered in addition a lateral SDOF system for each person with a fundamental natural frequency between 0.5 Hz and 1.0 Hz, i.e. in agreement with the preliminary results as reported by Matsumoto et al. [34] . Figures 12-d and 12 -e show that the considered lateral HSI allows to explain the observed increase in effective damping.
Comparing the results in figures 12-e and 12-f with those in figures 12-c and 12-d, shows that the results from the OMA involving walking persons, are in good agreement with the predictions which consider both the vertical and horizontal body motion.
Charleroi footbridge
The second set of full-scale observations involves the Charleroi footbridge (see figure 13) . The tests include ambient and pedestrian excitation. The latter consider 8 or 18 persons walking at a self-selected speed during 4 minutes. The output-only data have been processed using the reference-based data-driven stochastic subspace identification (SSI-data/ref) algorithm [32, 33] respectively. Due to the high modal masses and the high (≈ 2) and low (≈ 0.6) frequency ratios for the case of the first and the second and third mode, respectively, the effect of only 18 persons present on the bridge is expected to be limited. However, table 2 shows that as a result of the distinctly low inherent structural damping, even these low mass ratios lead to a non-negligible increase of the effective damping.
CONCLUSIONS
A parametric study is performed to investigate the interaction between the crowd and the lowfrequency modes of the footbridge. The results show that taking into account HSI reduces the structural response. The most significant HSI-effect for vertical modes with a natural frequency up to 6 Hz, is in the effective damping ratio of the coupled system which is much higher than the inherent damping of the footbridge. The effective damping ratio increases monotonically with the mass ratio but is highly dependent on the natural frequency of the footbridge.
For practical design, the increase in effective damping can be considered relevant for modes with a natural frequency above 1.5 Hz. The most substantial increase is identified for modes with a natural frequency between 2.75 Hz and 5.0 Hz, as these are close to the natural frequency of active persons. In the case of (near-)resonant excitation at the second harmonic of the walking load (between 2.5 Hz and 5.0 Hz), the structural response reduces when HSI is taken into account, even for low mass ratios. For the case where (near-)resonant excitation is considered at the fundamental harmonic of the walking load (between 1.5 Hz and 2.5 Hz), the HSI-benefit is far less important and only relevant for high mass ratios or for structures with very low inherent damping ratios. For the considered range of footbridge parameters, the maximum attained effective damping is limited to 2%, 3.5%, 7% and 16% for pedestrian densities of 0.25, 0.5, 1.0 and 2.5 persons/m 2 , respectively. The findings from the parametric study were verified by means of a comprehensive full-scale experimental study. It is shown that the coupled human-structure model is able to reproduce the experimentally identified modal characteristics of the coupled system. From these tests it is furthermore found that the interaction with the human body in the horizontal direction is of similar importance for structural modes with considerable lateral components.
